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Abstract
In these three lectures, I overview the theoretical framework of the flavour
physics and CP violation. The first lecture is the introduction to the flavour
physics. Namely, I give theoretical basics of the weak interaction. I follow
also some historical aspect, discovery of the CP violation, phenomenological
studies of charged and neutral currents and the success of the GIM mecha-
nism. In the second lecture, I describe the flavour physics and CP violating
phenomena in the Standard Model (SM). I also give the latest experimental
observation of the CP Violation at the B factories and the LHC and discuss its
interpretation. In the third lecture, I discuss the on-going search of the signals
beyond SM in the flavour physics and also the future prospects.
1 Introduction
The Standard Model (SM) is a very concise model and at the same time a very successful chapter in
particle physics. In the establishment of the SM, the flavour changing and/or the CP violating phenomena
had played a crucial roles. On the other hand, there is a very important unsolved question related to the
CP violation: how the matter and anti-matter asymmetry of the universe occurs in the evolution of the
universe? Although the Kobayashi-Maskawa mechanism has been successful to explain the CP violation
in the flavour phenomena, it is known that the single complex phase introduced in this mechanism is not
enough to solve this problem. Since there is no known way to introduce another source of CP violation
in the SM (except for the strong CP phase), we expect that the SM needs to be extended. Apart from this
issue, there are various reasons to expect physics beyond the SM. The search for a signal beyond SM is
a most important task of particle physics today.
In this lecture, we expose the theoretical basis of flavour physics in the SM and its phenomenology.
2 Weak interaction: fundamentals of flavour physics
2.1 Quarks and leptons
The flavour physics concerns the interaction among different fermions, quarks and leptons. Fermions are
known to appear in three generations:
Quarks
Generation
Charge
I II III
u c t
+2/3e
up charm top
d s b
-1/3e
down strange bottom
Leptons
Generation
Charge
I II III
νe νµ ντ
0 electron
neutrino
muon
neutrino
tau
neutrino
e µ τ
-e
electron muon tau
As we will see in the following, the interactions between the fermions with difference of charge
±1 can be described by the charged current while the interactions between the fermions with the same
charge is described by the neutral current. The examples of such processes are β decays, K−K¯ mixing,
e+ν scattering process, etc... All these processes are governed by an effective coupling, the so-called
Fermi constant GF = 1.16639(2)× 10−5 GeV−2.
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2.2 Charged current
The history of the weak interaction started from the observation of the continuum spectrum of the β
decay of nucleons in the 1930’s:
ZX →Z±1 X + e∓ν (1)
where ν is the neutrino postulated by Pauli. During the next two decades, many new experiments were
performed and new particles and new decays were discovered. In particular, the two particles called θ
and τ 1 were quite puzzling. They both contain strangeness and have very similar properties. Besides,
they have different decay patterns: θ decays into two pions and τ into three pions. For a solution to this
problem, Lee and Yang had proposed the parity violation of the weak interaction that was successfully
tested by Wu through the β decay of 60Co. After various experimental tests and theoretical argument, it
was suggested that the weak interaction should be of the form of V − A (V : Vector current, A: Axial
vector current). In this theory, the charged current involves fermions with only left-handed chirality.
Thus, the weak interaction processes in which charge is exchanged between leptons and leptons/hadrons
are well described at low energy by the effective Lagrangian:
GF√
2
JµJ
µ (2)
where Jµ = eγµ(1 − γ5)ν, Jµ = qdγµ(1 − γ5)qu. where qu, qd are the up and down type quarks,
respectively. One of the problems of this theory at the early time was that the discrepancy in the vector
coupling when measuring the decay of radioactive oxygen, 14O: the coupling constant which was thought
to be universal, GF , which is the case for the lepton current, was 0.97GF . In the early 60’s, this problem
was nicely understood by introducing the so-called Cabibbo angle θc: the coupling of pi and K are
different and it is proportional to cos θc and sin θc, respectively. Therefore, the hadronic current (with
three quarks) is written as:
Jhadronµ = cos θcuLγµdL + sin θcuLγµsL (3)
The measurements of 14O →14 N + e+ν and K → pi0e+ν lead to a consistent value of the Cabibbo
angle, θc = 0.220± 0.003, which proved the correctness of this expression.
2.3 Neutral current
From the theory with three quarks, up, down, strange, described above, we can conclude that the quarks
provide an SU(2) doublet such as:
QL =
( u
d cos θc + s sin θc
)
L
(4)
Then, the neutral current, namely the term which is induced by QLt3QL (t3 is the SU(2) generator)
would induce the term proportional to dLγµsL and sLγµdL, representing strangeness changing neutral
current which were not seen in experiments. This problem was solved by Glashow, Iliopoulos and Miani
in 1970, by introducing a hypothetical fourth quark, c. With this extra quark, one can compose another
doublet:
( c
−d cos θc + s sin θc
)
L
with which the problematic strangeness changing neutral currents
can be cancelled out at the tree level (GIM mechanism). Note however, such flavour changing neutral
current can still occur at the loop level if the up quark and the newly introduced charm quark have
significantly different masses. Let us see the example of K −K mixing. The diagram is given in Fig. 1.
This is indeed the strangeness changing (∆S = 2) neutral current. The amplitude of this process should
1Not to be confused with the τ lepton!
2
W+ W+
ds
sd
Fig. 1: Feynman diagram inducing K −K mixing.
proportional to:
G2F
[
(sin θc cos θc)
2f(mu)− 2(sin θc cos θc)2f(mu,mc) + (sin θc cos θc)2f(mc)
]
(5)
where the first and third terms represent the diagram with either u or c quark in the loop, respectively,
while the second term is with both u and c quarks in the loop. The function f is called loop function,
which contains the result of this loop diagram computation and is a function of the internal particle
masses (quarks and W boson in this case). If the mass of the up and charm quarks are the same, the
three loop functions in this formula coincide, thus, the full amplitude becomes zero (GIM mechanism at
one loop level). In reality, the observed difference in the up and charm quark masses are significantly
different, which can yield non-zero K −K mixing. What is remarkable about the work by GIM is that
the fourth quark, c, was predicted in order to solve the problem of K decays. It took a couple of years
since then but indeed the cc¯ charm bound state, J/ψ was discovered in 1974.
2.4 Describing the weak interactions in the SM
The V − A theory developed to explain the β decay and strangeness changing interactions is neither
renormalizable field theory nor gauge theory. The heavy vector particles which can intermediate the weak
interactions is now known as W boson. In the late 60’s, the model which unifies the electromagnetic
interaction and the weak interaction were developed by S. Glashow, A. Salam and S. Weinberg. In this
model, the W , Z and γ can be understood as the gauge bosons of the SU(2)L × U(1)Y gauge group.
In the SM, the masses of the particles are obtained through the Higgs mechanism, where the
SU(2)L ×U(1)Y symmetry breaks spontaneously to U(1)EM (while keeping the photon massless). Let
us see the term which gives the masses of the quarks in the SM, the so-called Yukawa interaction term:
LY =
∑
ij
Y uij
( Ui
Di
)
L
( φ0
−φ−
)
ujR +
∑
ij
Y dij
( Ui
Di
)
L
( −φ+
φ0
)
djR + h.c. (6)
which is invariant under SU(3)C × SU(2)L × U(1)Y gauge transformations. The indices i, j = 1, 2, 3
run through the generation. The so-called Yukawa matrix is a completely general complex matrix and
not constrained in any way (it could be even non-Hermitian). Then, after the neutral part of the Higgs
field acquires the vacuum expectation value, the quark mass matrices are produced:
LY =
∑
ij
muijUiLujR +
∑
ij
mdijDiLdjR + h.c. (7)
where
muij = Y
u
ij 〈φ0〉vac, mdij = Y dij〈φ0〉∗vac (8)
This Yukawa mass term can induce parity- and flavour-non-conserving terms. However, we can introduce
new quark fields
U ′L = K
U
LUL, u
′
R = K
U
RuR, D
′
L = K
D
LDL, d
′
R = K
D
R dR (9)
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where the matricesK are constrained only by the condition that they must be unitary in order to preserve
the form of the kinetic term. Then, when we re-write the mass term with the prime fields, it takes the
same form as above but the new matrix:
mU ′ = KULm
UKU†R , m
D′ = KDLm
DKD†R (10)
Now it is a general theorem that for any matrix m, it is always possible to choose unitary matrices A and
B such that AmB is real and diagonal. Note here that if the matrix m was Hermitian, we would find
A = B. Therefore, we choose mU ′ and mD′ being real and diagonal. Then, the Yukawa mass term does
no longer produce the flavour-non-conserving terms, while now the charged current would require some
modifications. Let us write the weak doublets with the new prime fields:
QiL =
( (KU−1L U ′L)i
(KD−1L D
′
L)i
)
(11)
The, the charged current reads:
Jµ+ =
∑
i,j
1√
2
U iLγ
µDjL =
∑
i,j
1√
2
U ′iLγ
µ(KU†L K
D
L )ijD
′j
L =
∑
i,j
1√
2
U ′iLγ
µVijD
′j
L (12)
where the unitary matrix Vij ≡ (KU†L KDL )ij is known as Cabibbo-Kobayashi-Maskawa matrix. The
rotation of the 1-2 part of this matrix corresponds to the Cabibbo angle discussed above. Now it is clear
that the quark mixing which differentiates the GF to 0.97GF in the hadronic β decay originated from
the mismatch between the weak eigenstate and mass eigenstate in the SM.
The full Lagrangian for the quark coupling to the gauge bosons reads2:
L =
∑
i
[
EL(i /∂)EL + liR(i /∂)liR +QiL(i /∂)QiL + uiR(i /∂)uiR + diR(i /∂)diR
+g(W+µ J
µ+
W +W
−
µ J
µ−
W + Z
0
µJ
µ
Z) + eAµJ
µ
EM
]
(13)
where the coupling g is related to the Fermi constant by GF =
g2
4
√
2M2W
. The index i = 1, 2, 3 is the
generation number. The left handed fermions compose SU(2) doublet as:
EiL =
( νi
Li
)
L
, QiL =
( Ui
Di
)
L
(14)
Note that the assignment of the hypercharge Y is Y = −1/2 for EiL and Y = +1/6 for QiL, which
together with T 3 = ±1/2, gives a correct charge Q = T 3 + Y . For the right-handed fields, T 3 = 0
and thus the hypercharge is equal to the electric charge. Then, the charged, neutral and electro-magnetic
currents are written as:
Jµ+W =
1√
2
(νiLγ
µLiL + UiLγ
µDiL) (15)
Jµ−W =
1√
2
(LiLγ
µνiL +DiLγ
µUiL) (16)
JµZ =
1√
cos θw
[
νiLγ
µ(
1
2
)νiL + LiLγ
µ(−1
2
+ sin2 θw)LiL + liRγ
µ(sin2 θw)liR
+UiLγ
µ(
1
2
− 2
3
sin2 θw)UiL + uiRγ
µ(−2
3
sin2 θw)uiR
2Here we show only the result for the first generation but the remaining parts can be derived easily by repeating it with
different generations.
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+DiLγ
µ(−1
2
+
1
3
sin2 θw)DiL + diRγ
µ(
1
3
sin2 θw)diR ] (17)
JµEM = Liγ
µ(−1)Li + Uiγµ(+2
3
)Ui +Diγ
µ(−1
3
)Di (18)
The weak angle θw relates different couplings and masses, e.g. g = esin θw and mW = mZ cos θw.
3 CP violation
3.1 Matter anti-matter asymmetry in nature
Back in 1920’s, having the theory of relativity of Einstein, Dirac extended the quantum mechanics to
incorporate the matter which moves with close to the speed of light. The relativistic quantum mechanics
follows the equation of motion called Dirac equation. This equation had one solution which correspond
to the electron and in addition, another one that has the same mass and spin as the electron but with
opposite charge, an anti-particle. A couple of years after, in 1932, Anderson discovered a particle in
cosmic rays, which indeed corresponds to this solution, a positron! In Dirac’s theory, anti-particles and
particles can be created and annihilated by pairs. Then, a serious question raises: why only particles
(electron, proton, etc) can exist in the universe but not anti-particles? This theoretical problem has not
been solved yet. It seems that something has happened in the early universe, which caused an unbalance
between particles and anti-particles.
Our universe was born about 135 × 1011 years ago, with extremely high temperature, 1019 GeV
(about 4000 K). After its birth, the universe started expanding. As a result, the temperature dropped
rapidly. At the early time when the temperature was high, the high energy photon could pair-create par-
ticles and anti-particles (namely, proton/anti-proton, neutron/anti-neutron, electron/anti-electron). At the
same time, since all the particles are relativistic, they could also pair-annihilate. As a result, the photon,
particle, anti-particle are created and annihilated freely (equilibrium state). Once the temperature reached
about 1 MeV, the photon energy was not high enough to create the (anti-)particles. Then, only pair anni-
hilation would have occurred and our universe would not have had any (anti-)particles! However, that has
not been the case. For some reasons, by that time, there existed some more particle than anti-particles.
The remaining particles composed Helium and then, various nucleus were generated through nuclear
interactions. So far, the reason of the asymmetry of number of particle and anti-particle is not known.
The only thing we know is that there was some cause of asymmetry when the temperature of the universe
was about 1015 GeV. And in order for this to happen, there are three conditions (Sakharov’s conditions):
i) Baryon number violation, ii) C-symmetry and CP-symmetry violation, iii) Interactions out of thermal
equilibrium.
It turned out that CP symmetry is violated in nature. This is the subject of this section. The ob-
served CP violation in nature is explained well in the framework of the SM. However, it has also been
found that the source of CP violation in SM is much too small to explain the matter anti-matter asymme-
try of the universe. This is one of the reasons why we strongly believe that there is physics beyond the
SM and why we search for further CP violating observables.
3.2 CP violation in the kaon system
The first observation of CP violation was through the measurement of kaon decays. The kaon decays
had unusual properties such as the θ− τ puzzle as mentioned earlier. The kaons came as two isodoublets
(K+,K0) and their anti-particles (K−,K0) with strangeness +1 and −1. The difficulty of assigning
the θ and the τ to one of K0 or K0 is that θ which decays to two pions should be CP even and τ which
decays to three pions should be CP odd while K0 and K0 are both CP even3. In 1955, it was proposed
3Remember: CP|K0〉 = |K0〉, CP|K0〉 = |K0〉, CP|pi0〉 = −|pi0〉, CP|pi+pi−〉 = +|pi+pi−〉, CP|(pi+pi−)lpi0〉 =
(−1)l+1|(pi+pi−)lpi0〉 where l is angular momentum between pi+pi− system and pi0.
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by Gell-Mann and Pais that the observed state must be the linear combination of the K0 and K0 such as:
K1 =
1√
2
(
K0 +K
0
)
, K2 =
1√
2
(
K0 −K0
)
. (19)
From the weak interaction point of view, this is quite natural since the weak interaction does not distin-
guish the strangeness, K0 and K0 always mix. Now the problem is solved: K1 is indeed CP even and
K2 is CP odd4, which therefore can correspond to θ and τ , respectively. It is important to notice here
that the life time of K1 and K2 are very different. The masses of K being 498 MeV and pi 140 MeV, the
three pion final state is suppressed by the small phase (about a factor 600). This reflects in to the lifetime
of these particles: τ(K1) ' 0.90 × 10−10 s and τ(K2) ' 5.1 × 10−8 s. This accidental phase space
suppression will play a crucial role for discovering the CP violation in kaon system.
In 1962, the experiment of Cronin, Fitch and his collaborators announced the very surprising result
that the long-lived kaon, i.e. K2, decays into two pions:
K2 → pi+pi−
Since K2 is CP odd state while two pion is the CP even state, CP is not conserved in this process! The
fraction is rather small, 2 × 10−3 of total charged decay modes. Nevertheless, this is the proof that CP
invariance is violated in nature!
A modification to Eq. (19) is in order. Now, we name the short- and long-lived kaons as KS and
KL, then,
KS =
1√
2
(
pK0 + qK
0
)
=
p
2
[
(1 +
q
p
)K1 + (1− q
p
)K2
]
(20)
KL =
1√
2
(
pK0 − qK0
)
=
p
2
[
(1− q
p
)K1 + (1 +
q
p
)K2
]
(21)
CP violation (KS,L 6= K1,2) occurs when q/p 6= 1.
3.3 Mixing the two kaon states
Let us now formulate these two kaon states in quantum mechanics. The mixing of the two states comes
from the weak interaction which changes the flavour. Let us describe the time evolution of the KK
system in terms of the Hilbert space |Ψ(t)〉 = a(t)|K〉 + b(t)|K〉 (here we ignore the multi-particle
states). The time dependence of this oscillation can be described by the Schrödinger equation as:
i /h
∂
∂t
Ψ(t) = HΨ(t). (22)
where
Ψ(t) =
(
a(t)
b(t)
)
(23)
The matrixH is written by
H = M− i
2
Γ =
(
M11 − i2Γ11 M12 − i2Γ12
M21 − i2Γ21 M22 − i2Γ22
)
(24)
The CPT or CP invariance imposes M11 = M22,Γ11 = Γ22 and CP or T invariance imposes =M12 =
0 = = Γ12. Then, the eigenvalues and the eigenvectors of this matrix read:
System 1 : M11 − i2Γ11 + qp
(
M12 − i2Γ12
)
,
(
p
q
)
(25)
4This choice of the kaon state was originally proposed based on the idea that C is conserved in weak interaction (notice K1
and K2 are C eigenstates as well). However, when the parity violation in the weak interaction was suggested by Lee and Yang,
it was also suggested that charge invariance is also broken, although it was thought that CP was still a good symmetry in weak
interaction.
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System 2 : M11 − i2Γ11 − qp
(
M12 − i2Γ12
)
,
(
p
−q
)
(26)
which leads to
|K1〉 = p|K〉+ q|K〉 (27)
|K2〉 = p|K〉 − q|K〉 (28)
with
q
p
= ±
√
M∗12 − i2Γ∗12
M12 − i2Γ12
(29)
where the choice of the solution to this equation, either + or −, corresponds to replacing the Systems 1
and 2. Now, it became clear that the CP violation q/p 6= ±1 occurs when M12 and/or Γ12 is complex
number.
The masses and the widths yield:
M1 − i2Γ1 ≡M11 − i2Γ11 + qp
(
M12 − i2Γ12
)
(30)
M2 − i2Γ2 ≡M11 − i2Γ11 − qp
(
M12 − i2Γ12
)
(31)
where M1,2 and Γ1,2 are real numbers. Here we choose the + sign for the solution for q/p above, and
then we define the mass and the width differences as:
∆M ≡M2 −M1, ∆Γ = Γ1 − Γ2 (32)
These two quantities are very important observables for the mixing system. Note that the discussions are
totally general and can apply to DD and BB systems.
3.4 Time evolution master formula
Now let us describe the time evolution of the kaons decaying into pions. When there is a mixing of
two states, these two states oscillate as time evolves. The CP violating phenomena observed in the kaon
system implies that the oscillation rate is different for the state which was K at a given time from those
with K. There is another possibility: the CP violation occurs in the decays, i.e. the decay rates of K and
K are different. To summarize, there are a two possibilities of source of the CP violation:
Oscillation : K
/CP←→ K, and/or Decay : (K,K) /CP−→ pipi(pi) (33)
Therefore, we are going to derive the time evolution formulae which describe the oscillation and
the decays. The oscillation part is already done. It is the solution to the Schrödinger equation given
above. The states at time t, starting as K and K at t = 0 are given:
|K(t)〉 = f+(t)|K〉+ q
p
f−(t)|K〉 (34)
|K(t)〉 = f+(t)|K〉+ p
q
f−(t)|K〉 (35)
where
f± =
1
2
e−iM1te−
1
2
Γ1t
[
1± e−i∆Mte 12∆Γt
]
(36)
Now the decay part. The decay amplitude of K/K to given final state f (f = pipi or pipipi) can be
expressed by the matrix element with effective Hamiltonian with ∆S = 1:
A(f) = 〈f |H∆S=1|K0〉, A(f) = 〈f |H∆S=1|K0〉 (37)
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Then, the decay width of the state which was K0 and K0 at t = 0 reads:
Γ(K0(t)→ f) ∝ e−Γ1t|A(f)|2
[
K+(t) +K−(t)
∣∣∣∣qp
∣∣∣∣2 |ρ(f)|2 + 2< [L∗(t)(qp
)
ρ(f)
]]
Γ(K
0
(t)→ f) ∝ e−Γ1t|A(f)|2
[
K+(t) +K−(t)
∣∣∣∣pq
∣∣∣∣2 |ρ(f)|2 + 2< [L∗(t)(qp
)
ρ(f)
]]
where
ρ(f) ≡ A(f)
A(f)
≡ 1
ρ(f)
(38)
|f±(t)|2 = 1
4
e−Γ1tK±(t) (39)
f−(t)f∗+(t) =
1
4
e−Γ1tL∗(t) (40)
K±(t) = 1 + e∆Γ ± 2e 12∆Γt cos ∆Mt (41)
L∗(t) = 1− e∆Γ + 2ie 12∆Γt sin ∆Mt (42)
The CP violation manifests itself as:
A = Γ(K
0
(t)→ f)− Γ(K0(t)→ f)
Γ(K
0
(t)→ f) + Γ(K0(t)→ f)
6= 0 (43)
3.5 The three types of CP violation
In this section, we learn the three types of CP violating processes:
– Direct CP violation (no-oscillation)
– Flavour specific mixing CP violation
– Flavour non-specific mixing CP violation (time dependent CP violation)
Direct CP violation (no-oscillation):
No-oscillation means ∆M = 0,∆Γ = 0 then, we have K−(t) = L(t) = 0. In this type, CP violation
occurs only through the decay:
|A(f)| 6= |A(f)| (44)
The CP asymmetry is given as:
A = |A(f)|
2 − |A(f)|2
|A(f)|2 + |A(f)|2 =
|ρ(f)|2 − 1
|ρ(f)|2 + 1 (45)
It should be noted that non-zero CP asymmetry A 6= 0 occurs only when |ρ| 6= 1 (arg(ρ) 6= 0 is not
sufficient!).
Flavour specific mixing CP violation :
Let’s consider the semi-leptonic decay, e.g. K0 → Xl+ν or K0 → Xl−ν. Note that at the level of
quark and leptons, these decays come from s → uW+(→ l+ν) and s → uW−(→ l−ν), respectively.
In such a decay mode, the initial state and the final state have one to one correspondence: tagging of
the final state flavour (or lepton charge) tells whether the initial state was K0 or K0. Defining the decay
amplitude as:
ASL ≡ |A(Xl+ν)| = |A(Xl−ν)| (46)
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(note i) this equality comes from CPT invariance and ii) |A(Xl−ν)| = |A(Xl+ν)| = 0), we find the
decay rates for the state which was K0 or K0 at t = 0 read:
Γ(K0(t)→ l+X) ∝ e−Γ1tK+(t)|ASL|2 (47)
Γ(K0(t)→ l−X) ∝ e−Γ1tK−(t)
∣∣∣∣qp
∣∣∣∣2 |ASL|2 (48)
Γ(K
0
(t)→ l−X) ∝ e−Γ1tK+(t)|ASL|2 (49)
Γ(K
0
(t)→ l+X) ∝ e−Γ1tK−(t)
∣∣∣∣pq
∣∣∣∣2 |ASL|2 (50)
where the wrong sign processes (the second and the fourth lines) come from the K0 ↔ K0 oscillation.
The CP asymmetry is given as:
A = |p/q|
2 − |q/p|2
|p/q|2 + |q/p|2 =
|p/q|4 − 1
|p/q|4 + 1 (51)
which does not depend on the time.
Flavour non-specific mixing CP violation (time dependent CP violation) :
For this type of CP violation to be measured, we utilize very special kinds of final state: the final state to
which both K0 and K0 can decay. The CP eigenstate CP |f±〉 = ±|f±〉 falls into this category. Indeed,
the pipi final states are such a case:
K0 → pi+pi−,K0 → pi+pi−, K0 → pi0pi0,K0 → pi0pi0 (52)
In general, both |ρ(f)| 6= 1 and q/p 6= 1 can occur. Just for simplicity, we present the result for
|ρ(f)| = 1 and |q/p| = 1,
A = 2 sin(arg q/p+ arg ρ)e
1
2
∆Γt sin ∆Mt
1 + e∆Γt + cos(arg q/p+ arg ρ)[1− e∆Γt] (53)
Thus, the non-zero CP asymmetry will occur when arg q/p+ arg ρ =6= and ∆M 6= 0. The asymmetry
depends on the time in this case. We will come back to this type of CP asymmetry later on the B meson
system.
3.6 CP violation inBB system
The discovery of the CP violation in K system is helped by the (accidental) fact that the two (supposed-
to-be) eigenstates KS and KL have very different life time, which allowed us to realize that KL (CP-odd
state) decayed to pipi (CP even state). In the B meson system, of two B states both have very short life
time. Thus, we need some strategy to identify whether the initial was B or B. The most common way to
achieve this task is the following:
– t = 0: B and B are pair-produced from e+e− collision (in this way, the BB is produced in a C
odd configuration).
– t = t1: one of B or B decay semi-leptonically. As presented in the previous section, if the final
state contained l−(+), then, the particle that decayed was B(B). Due to the quantum-correlation,
if l−(+) is detected, the other particle which hasn’t decayed yet should be (B)B.
– t = t2: Then, this remaining particle decays to the CP eigenstate, which is common for B and B.
Between t = t1 and t = t2, this particle oscillate between B and B.
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Fig. 2: Time dependence of the B −B oscillation.
The decay rate at t = t2 for the processes where we observe l± at t = t1 can be written as:
Γ(B0(t2)→ f) ∝ e−ΓB(t2−t1)|A(B0 → f)|2[1−=(q
p
ρ(f)) sin(∆MB(t2 − t1))]
Γ(B
0
(t2)→ f) ∝ e−ΓB(t2−t1)|A(B0 → f)|2[1 + =(q
p
ρ(f)) sin(∆MB(t2 − t1))]
where ρ = 1 is assumed for simplicity and also ∆ΓB = 0 is assumed, which is close to the truth from
the observation. If CP is violated q/p 6= 1, we should observe different time dependence for these two
processes. Indeed, experiment has observed a clear difference between this two and CP violation was
confirmed at B factory experiments in 2001 with the final state f = J/ψKS (see Fig. 2 top). It was
35 years after the first discovery of CP violation in K decay. In this channel, the time dependent of the
asymmetry behaves as:
A = Γ(B
0
(t)→ f)− Γ(B0(t)→ f)
Γ(B
0
(t)→ f) + Γ(B0(t)→ f)
= =q
p
ρ(f) sin ∆MBt (54)
where t = t2 − t1. Comparing to the kaon system, the CP violation in B system appeared to be large
= qpρ(J/ψKS) ' 0.67.
4 CP violation in SM: unitarity triangle
Now that we have enough evidences of CP violation in nature, both in K and B system. In fact, by now,
not only in K → pipi(pi) and B → J/ψKS processes, but also CP violation has been observed in many
different decay channels. The CP violation for these two channels indicates namely arg(q/p) 6= 0 in K
and B system. There are also relatively large Direct CP violation observed in various channels (such as
B → pipi), which indicates |ρ| 6= 1 in those channels. A hint of observation of the flavour-specific CP
violation is also reported (|q/p| 6= 1) in Bs system but the experimental result is not precise enough yet.
We will discuss on this issue later in this lecture.
In this section, we discuss where the complex phase comes from in the SM in order to have
arg(q/p) 6= 0. In the model building point of view, it is not easy to incorporate a complex parame-
ter to the theory, namely because, the CP violation is observed only in the K and B systems but nowhere
else. Most strong constraint for introducing complex phase to the theory comes from the non-observation
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of the electric-dipole moment (EDM) of leptons and neutrons. As we have discussed before, the Yukawa
matrix contains free parameters of SM and can be no-Hearmitian. The observable of the Yukawa matrix,
the CKM matrix, is only constrained to be unitary, thus can contain a complex number. The CKM matrix
is the coupling for the flavour changing charged current, thus, it is ideal to generate CP violation only in
the flavour non-diagonal sectors.
4.1 Kobayashi-Maskawa ansatz
The fact that the CKM matrix contains complex phases does not necessarily mean that they generate
observable CP violation, since some phases can be absorbed by the redefinition of the field. In 1973,
Kobayashi and Maskawa investigated this question. A general n × n unitary matrix contains 2n2 −
(n + (n2 − n)) = n2 real parameters. The phases of the quark fields can be rotated freely, ψ → eiφψ
(applying separately for up-type and down-type quarks), while one overall phase is irrelevant. Thus, we
can rotate 2n− 1 phases by this. As a result, we are left with n2− (2n− 1) = (n− 1)2 real parameters.
Among these parameters, we subtract the number of the rotation angles, which is the number of the real
parameter in n × n orthogonal matrix 12n(n − 1). As a result, the number of the independent phase in
CKM matrix is: 12(n− 1)(n− 2). Kobayashi and Maskawa concluded that in order for CP to be broken
through CKM matrix, third generation of quarks is necessary. In 1973 when they wrote this paper, there
were only three quarks confirmed (up, down and strange) with a speculation of the fourth quark (charm).
The prediction of further two quarks was rather bold. However, indeed, the J/ψ (a charm anti-charm
bound state) was discovered in 1974. The third generation lepton τ was seen in 1975 and confirmed in
1977. Also in 1977, the fifth quark, bottom was discovered. For the sixth quark, top, are needed to wait
until 1994. Now the Kobayashi and Maskawa mechanism is a part of the SM. As we see in the following,
all the observed CP violations can be explained by the single phase in the CKM matrix at a certain level.
Therefore, it is believed that this phase is the dominant source of the observed CP violation.
4.2 The unitarity triangle
As we have repeated, the CKM matrix is restricted by theory only to be unitary. It contains four free
parameters (three rotation angles and one phase), which should explain all observed flavour changing and
non-changing phenomena including CP violating ones. Thus, the test of the unitarity of the CKM matrix
is a very important task in particle physics. For this purpose, let us first inroduce the most commonly
used parameterization.
First we write the 3× 3 unitary matrix as product of three rotations ordered as:
V = ω(θ23, 0)ω(θ13,−δ)ω(θ12, 0) (55)
=
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 (56)
Now we re-define the parameters (Wolfenstein’s parameterization):
sin θ12 = λ, sin θ13 = A
√
ρ2 + η2λ3, sin θ23 = Aλ
2 (57)
Then, realizing that the observed CKM matrix elements follow some hierarchy, we expand in terms of
λ(' 0.22):
V =
 1− 12λ2 λ A
√
ρ2 + η2e−iδλ3
−λ 1− 12λ2 Aλ2
A(1−
√
ρ2 + η2eiδ)λ3 −Aλ2 1
+O(λ4) (58)
In testing whether all the observed FCNC and CP violating phenomena can be explained by the
CKM matrix (unitary matrix which can be written in terms of three rotation angles and one complex
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Fig. 3: (a) The unitarity triangle. (b) and (c) The current situation of the unitarity triangle constraints from various
flavour observables.
phase), the so-called unitarity triangle is often useful. The unitarity triangle represents one of nine
unitarity conditions, the one that contains the matrix elements relevant to B physics:
V ∗udVub + V
∗
cdVcb + V
∗
tdVtb = 0 (59)
Assuming that each term is a vector in the complex plane (known as the ρ¯ = η¯ plane), we can draw
a triangle (see Fig. 3 a). We measure independently the sides and the angles of this triangle to test, in
particular, whether the triangle closes or not. The latest result is shown in Fig. 3 b and c. Let us first
look at the measurements of two sides, |Vub| (left side) and ∆Md/∆Ms (right side). The overlap region
of theses two measurements determine roughly the position of the apex of the triangle. One can see that
the triangle is not flat from these constraints. The one of the three angles, β(= φ1) is measured very
precisely at the B factories through the observation of the Bd oscillation. And this angle is measured
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as (21.7 ± 0.64)◦, which is indeed rather large. The right side of the triangle drawn by using this
value of β(= φ1), the allowed bound passes through the allowed range from the |Vub| and ∆Md/∆Ms
measurements. Moreover, the overlapping region from these three measurements has also an overlap
with the allowed range from the K oscillation measurement, K .
The apex of the triangle determined from various measurements is constrained to be in a small
region, indicating that these phenomena can be explained by the four free parameters of the SM which
are in the CKM matrix. In particular, the success of the KM mechanism is manifested by the CP violation
in the K and the B systems being explained by the single complex phase in the CKM matrix.
However, the Fig. 3 b and c apparently show that the whole program of verifying the unitarity of
the CKM matrix has not been finished yet. The remaining two angles, α(= φ2) and γ(= φ3), have not
been measured as precisely as β(= φ1). Indeed, experimentally, the LHCb experiment has an ability to
determine γ(= φ3) through e.g. B → D(∗)K modes at a higher precision. It will be interesting to see if
the right side drawn by using a more precise γ(= φ3) measurement in the future will still pass through the
apex regions allowed by the other measurements. We should like to draw the attention to a subtle tension
appearing in the Fig. 3 b and c: the overlap region among |Vub|, ∆Md/∆Ms and β(= φ1). For now,
these three bounds have an overlapping region as discussed above. However, the latest determination of
|Vub| from the measurement of the branching ratio of B → τν turned out to be slightly higher than the
ones determined from the semi-leptonic b → ulν decays. If this tendency remains and the |Vub| value
shifts towards a larger value, then, the overlap region with β(= φ1) could be lost. The super B factory,
which are now approved project for B physics, has an ability to measure the B → τν branching ratio
at a much higher precision. Thus, it will not be too long before the hint of this tension will be revealed.
Finally, we should also mentioned that the errors indicated in the Fig. 3 b and c contain not only the
experimental ones but also the theoretical ones, namely coming from the hadronic uncertainties. And in
particular for |Vub| and ∆Md/∆Ms, the theoretical uncertainties are the dominant sources of the error.
Thus, in order to achieve a high prevision in determining these parameters, a reduction of the theoretical
uncertainty is the most essential. Progresses in various theoretical methods based on QCD, in particular,
Lattice QCD, are key for this goal.
5 CP violation in theBs system: search for physics beyond the SM
5.1 TheBs oscillation
We can derive the Bs oscillation formulae in the same way as Bd system. Experimentally, the following
quantities are measured:
∆Ms ≡M2 −M1 = −2|M12|, ∆Γs ≡ Γ1 − Γ2 = 2|Γ12| cos ζs (60)
q
p ' e−iφs
(
1 + ∆Γs2∆Ms tan ζs
)
,
∣∣∣ qp ∣∣∣ ' 1 + ∆Γs2∆Ms tan ζs (61)
where the phases are defined as
φs ≡ arg[M12], ζs ≡ arg[Γ12]− arg[M12] (62)
∆Ms is measured by Tevatron rather precisely, ∆Ms = (17.77 ± 0.19 ± 0.07) ps−1. Recently, many
progresses have been made for determining the CP violating phase φs. In SM, this phase is related to
φs = βs ≡ −arg[Vtb∗Vts/Vcb∗Vcs]. The SM phase is known to be very small βs ' 2◦, while the
LHCb experiment has an ability to reach to this level measuring the Bs oscillation with the b → cc¯s
decay channels such as Bs → J/ψφ or B → J/ψf0. It should be noted that different from the Bd
system, ∆Γs/∆Ms is non-negligible. Thus, the precise determination of φs requires the information of
∆Γs. Also note that in the case of the J/ψφ final state, the angular analysis is required to decompose
different polarization state which have different CP. We also have another observable, the Bs oscillation
measurement with the lepton final state, namely the di-lepton charge asymmetry Asl, which determines
|q/p|.
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Fig. 5: Illustration of remaining room for new physics after the Bs oscillation phase measurements by LHC (see
Eq. 64).
The constraints on φs and ∆Γs from the CDF and the D0 collaboration averaged by HFAG are
presented in Fig. 4. On the left figure, the constraint from the Bs oscillation measurement using the
Bs → J/ψφ and Bs → J/ψf0 final states (contours) and the constraint from the di-lepton charge
asymmetry measurement (curved bound) are separately plotted while on the right figure, the combined
constraints from these two is presented. It is important to notice that ∆Γs is a function of the phase ζs as
shown in Eq. 61 where ζs is related to φs as in Eq. 62. In particular, as the Γ12 is the imaginary part of
Bs − B¯s box diagram, which comes from the up and the charm quark contributions, it is real, unless a
new physics contributed to the imaginary part with a non-zero CP violating complex phase. In the case of
arg Γ12 = 0, we have a physical region is such that the ∆Γs always decreases from the SM value when
|φs| departs from its SM value 0◦. The average of Bs → J/ψφ and Bs → J/ψf0 for φs measurement
is obtained as:
φs = 0.04
+0.10
−0.13 (63)
which is smaller than the previous Tevatron result (2.3σ deviation was announced) and closer to the SM
value.
Next we attempt to discuss the implication of these experimental result from theoretical point of
view. In order to clarify how large new physics effects can be still allowed after having the constraints
14
on the Bs oscillation parameters, ∆Ms and φs, it is useful to introduce the following prameterization:
R ≡ 〈B
0
s |HSMeff +HNPeff |B
0
s〉
〈B0s |HSMeff |B
0
s〉
≡ 1 + rNPeiφNP (64)
where NP indicates the new physics contribution. The Fig. 5 is an illustration of the allowed range
of real and imaginary part of R from the ∆Ms and φs measurements. The purple circle represents the
constraints from ∆Ms measurement. The bound includes the experimental error as well as the theoretical
one, namely coming from the hadronic parameter. Here, it is illustration purpose only, thus, we assumed
that the central experimental value of ∆Ms is equal to the SM value. The blue bounds represent the
experimental bound coming from φs (1σ and 3σ errors). The dotted-circle shows the possible new
physics contribution to be added to the SM value R ' 1. What we can see this result is first, even if
the experimental value for ∆Ms is close to the SM value, the CP violating phase is allowed to be very
different from the SM value (' 0). Now that the LHCb results turned out to be close to the SM point,
we can also see that 20 % of new physics contribution can be easily accommodated even taking into
account only one sigma error. As mentioned earlier, the LHCb has an ability to measure φs as small as
the SM value (' −2◦). Thus, there is still a plenty of hope that a new physics effect may appear in these
measurements in the future.
6 Motivation to go beyond the SM
The Standard Model (SM) is a very concise model which explains a large number observables with a very
few parameters. In particular, the agreement of the electroweak precision data with the SM predictions is
quite stunning, which shows the correctness of the unified electroweak interaction with the SU(2)×U(1)
gauge symmetry, including its quantum corrections. The crucial prediction of the SM is the existence
of the Higgs boson, which is at the origin of the mass of all particles in the SM. LHC has already seen
some hint and the best-fitted mass around 126 GeV is also in quite good agreement of the prediction
obtained from the electroweak precision data. Furthermore, the agreement of the flavour physics is also
impressive. Basically, the free parameters, three rotation angles and one complex phase in the CKM
matrix can explain a large number of different experiments, including flavour changing charged/neutral
currents as well as CP violating observables.
Some “hints of physics beyond SM" have been reported from time to time, though so far, none of
them is significant enough to declare a discovery of a phenomenon beyond the SM. Then, why do we
believe there is something beyond?! Indeed, the SM has a few problems. Let us list a few of them here.
– Higgs naturalness problem
We will see this problem more in details later on but basically this problem is related to the question
of why the Higgs boson mass scale is so much lower than the Planck mass scale. The quantum
corrections to the Higgs mass depend on a cut-off of the theory. If there is no new physics scale
below the Planck scale, then the quantum correction become enormous unless there is an incredible
fine-tuning cancellation with the bare mass. But that would be quite unnatural.
– The origin of the fermion mass hierarchy
In the SM there are 19 free parameters: three gauge coupling, one strong CP-violating phase, nine
fermion masses, four parameters in the CKM matrix, and two parameters in the Higgs potential.
We realize that the Yukawa interaction leads to a large number of these parameters (13 out of
19). Some people find this fact quite unsatisfactory. In particular, these values look quite random
although with some hierarchy (e.g. top quark and up or down quark have mass scale difference
of order 105). A symmetry in the Yukawa interaction has been searched for a while, but there has
been so far no obvious solution found.
– The Strong CP problem
Another problem concerns the one of the 19 parameters mentioned above, the strong CP-violating
15
phase. This phase is experimentally found to be extremely small from bounds on the neutron
Electric Dipole Moment (nEDM) while theoretically there is no reason why this should be so. In
nature, the observed CP violation effects are all in the flavour non-diagonal sector (such as K−K
or B −B oscillation) while CP violation effects in the flavour diagonal sector (such as the EDM)
seems to be extremely small, if not zero. The reason for this has been searched for in relation to
the conjectured flavour symmetry mentioned above.
– The baryon asymmetry of the universe
It should also be mentioned that it is known that the CP violation is related to another problem, the
baryon asymmetry of the universe, the unbalance between matter and anti-matter that occurred in
the early universe.
– Quantum theory of gravity
Although it is obvious that there is a fourth interaction, the gravitational force, the SM does not
incorporate this force. In fact, the quantization of gravity itself is a problem which has no solution
yet.
These problems are among the sources of the motivation to go beyond the SM. Theoretically,
various types of models are proposed in order to solve one or more of the problems mentioned above.
Experimentally also, tremendous efforts are payed to search for a signal beyond the SM.
7 Flavour problems in model building beyond the SM
One can extend the SM by introducing new fields and new interactions. The Lagrangian for these new
contributions should follow certain rules (the most fundamental one, e.g. is Lorentz invariance). When
adding the new terms, the most important task is to verify that these new terms do not disturb the fantastic
agreement of various experimental observations with the SM predictions. If the new physics enters at
much higher energy than the SM, then this condition could be naturally satisfied: if the currently observed
phenomena are not sensitive to such high scale, the SM is valid as an effective theory.
However, this often means that the new physics scale is extremely high (much beyond the TeV
scale which can be reached by the current accelerators) or the couplings between new physics particles
and the SM particles are very weak. To set a new physics scale high can be inconvenient for the new
physics model building. In particular, for those models which are constructed on the motivation for
Higgs naturalness problem, having another large scale much higher than the electroweak scale does not
sound very preferable. Therefore, in most of the new physics models, the latter solution, to assume
the flavour coupling to be very small, is applied, although it is rather artificial (comparing to the SM
where such adjustment was not needed, e.g. to suppress FCNC or to explain the source of CP violation.
For example, let us consider that the KL − KS mass difference comes from the effective four-Fermi
interaction :
g2
M2
ψiΓµψiψjΓ
µψj (65)
If we assume the coupling to be of order 1, we find the new physics scale to be 103(104) TeV (the number
in parenthesis corresponds to the case when the so-called chiral-enhancement occurs) while if we assume
the coupling is SM-like g ' V ∗tdVts then, the scale can be down to a few (few hundred) TeV. However,
to make a very strong assumption for flavour coupling is not appropriate when we are looking for a new
physics signal.
In the following, we see in some details, how the extra flavour violation and CP violation occur in
the concrete models and which are the solutions. In general, the new physics models which encounter a
serious problem from flavour physics induce tree level flavour changing neutral current (FCNC) or new
sources of CP violation.
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7.1 Two Higgs Doublet Models
The SM consists of a single Higgs doublet which breaks the electroweak symmetry sector of the SM
and gives to the particles their masses from the Yukawa interactions. On the other hand, this feature is
retained also if there is more than one Higgs doublet. However, once more than one Higgs is introduced,
there are extra sources of CP violation (spontaneous CP violation) and also the extra neutral Higgs can
induce Flavour Changing Neutral Current (FCNC). In the following, we briefly review how these extra
terms appear and the common solution to suppress them by imposing a discrete symmetry based on the
so-called Natural Flavour Conservation.
The Two Higgs Doublet Model (2HDM) is the simplest extension of the standard SU(2)× U(1)
model introducing one more Higgs doublet:
φ1 =
(
φ+1
φ01
)
, φ2 =
(
φ+2
φ02
)
(66)
The most general Higg potential for this model can be written as:
V (φ1, φ2) = −µ21φ†1φ1 − µ22φ†2φ2 − (µ212φ†1φ2 + h.c.) (67)
+λ1(φ
†
1φ1)
2 + λ2(φ
†
2φ2)
2 + λ3(φ
†
1φ1φ
†
2φ2) + λ4(φ
†
1φ2)(φ
†
2φ1)
1
2
[
λ5(φ
†
1φ2)
2 + h.c.
]
+
[
(λ6φ
†
1φ1 + λ7φ
†
2φ2)(φ
†
1φ2) + h.c.
]
where the quadratic couplings µi have a mass dimension two. After imposing the Hermiticity of the
potential, we find that µ12, λ5,6,7 can be complex. After the spontaneous symmetry breaking, the Higgs
fields obtain the non-zero vacuum expectation values which are invariant under U(1) gauge symmetry:
〈φ1〉 =
(
0
v1
)
, 〈φ2〉 =
(
0
v2e
iα
)
(68)
The two VEV’s, v1,2 can have each associated phases δ1,2 while since the potential in Eq. 67 depends
only on one combination, we can rotate the basis giving one single phase α ≡ δ2 − δ1. Non-zero α
induces an extra source of CP violation on top of the complex phase in the CKM matrix. Being v1,2 the
values where the potential has an stable minimum, the expectation value of the potential
V0 = µ
2
1v
2
1 + µ
2
2v
2
2 + 2µ
2
12v1v2 cos(δ3 + α) (69)
+λ1v
4
1 + λ2v
4
2 + (λ3 + λ4)v
2
1v
2
2 + 2|λ5|v21v22 cos(δ5 + 2α)
+2|λ6|v31v2 cos(δ6 + α) + 2|λ7|v1v32 cos(δ7 + α)
should be stable with respect to a variation of α, i.e. ∂V/∂α = 0. Note that δi are the complex phases of
λi. This relation can be used to analyze the condition to have non-zero α. For example, in the case when
all the couplings are real, i.e. δi = 0, this relation leads to
cosα = −λ6v
2
1 + λ7v
2
2
4λ5v1v2
(70)
Thus, CP can be broken spontaneously without an explicit CP violating phase in the Higgs coupling.
Now, we see the Yukawa coupling of the two Higgs doublet model:
LY =
∑
ij
(
Ui
Di
)
L
(Fijφ˜1 + F
′
ijφ˜2)ujR +
(
Ui
Di
)
L
(Gijφ2 +G
′
ijφ1)djR + h.c. (71)
where φ˜i ≡ iτ2φ†Ti =
(
φ0†i
−φ−i
)
with τ2 being the Pauli matrix. After the neutral Higgs acquiring vevs,
we find
LY =
∑
ij
(
Ui
Di
)
L
muijujR +
(
Ui
Di
)
L
mdijdjR + h.c. (72)
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where
muij ≡ Fij〈φ˜1〉+ F ′ij〈φ˜2〉, mdij ≡ Gij〈φ2〉+G′ij〈φ1〉 (73)
Now as have done in the SM, we diagonalize the matrix mu,dij by the inserting unitary matrices K
U,D
L,R
(we need to use different matrices from left and right multiplication unless mu,dij are hermitian). But
here, we see a difference; when we look at the mass basis of Eq. 71 by inserting these matrices K,
F
(′)
ij and G
(′)
ij are not necessarily diagonalized simultaneously, and this leads to flavour changing neutral
Higgs exchanges. This can induce large FCNC contributions, which could contradict the experimental
observations.
One of the most common ways to avoid this problem is to impose the following discrete symmetry:
φ1 → −φ1, φ2 → φ2, dR → −dR, uR → uR (74)
which prevents φ1 from coupling to uR and φ2 to dR. As a result, the FCNC can be avoided. This model
is often called Type II two Higgs doublet model. As the Minimal Supersymmetric Model (MSSM) or the
Peccei-Quinn models give the same phenomenological consequences, this models is the most worked
type among the two Higgs doublet models. We should also note that imposing the discrete symmetry
Eq. 74 to the Higgs potential, the terms proportional to λ6,7 and µ12 are forbidden. Then, from Eq. 70,
we find α = ±pi/2. This solution is equivalent to change the definition φ2 → iφ2, thus φ1 and φ2 have
opposite CP. Nevertheless, it is found that this solution can not lead to an observable CP violation.
Having suppressed the phenomenologically unacceptable CP violation and FCNCs by the discrete
symmetry, the main effects in flavour physics are due to the charged Higgs contributions. Even though
the LHC searches for the charged Higgs directly, the constraints on the property of this new particle,
its mass and its couplings, come mainly indirectly from B decays. The branching ratio measurement
of B → Xsγ constrains the mass of charged Higgs to be higher than 295 GeV. Further constraint is
expected to be obtained from the branching ratio measurement of B → τν (see Fig. 6).
7.2 The (extended) technicolor model
The technicolor model is one of the earliest examples of the dynamical breaking of the electroweak
symmetry. The model was constructed in a close relation to QCD. In QCD, the SU(2) chiral symmetry
is broken spontaneously at the scale fpi ' 93 MeV, which reflects the fact that at the scale ΛQCD the QCD
interaction becomes strong. Suppose, then, that there are fermions belonging to a complex representation
of a new gauge group, technicolor, SU(NTC), whose coupling αTC becomes strong at ΛTC around
electroweak scale. Then, the relation: MW = MZ cos θW = 12gFpi holds, where Fpi ' ΛTC just like
in QCD. This model can nicely solve the naturalness problem since the all the produced technihadrons
have masses around ΛTC and they do not receive a large mass renormalization. However, the model is
not complete unless it can provide masses to the SM fermions. For this purpose, an extension of the
gauge group was proposed (Extended Technicolor Model (ETM)) that embeds flavour and technicolor
into a larger gauge group. The flavour gauge symmetries are broken at a higher scale than the technicolor
breaking, ΛETC 'METC/gETC whereMETC is the typical flavour gauge boson mass. Then, the generic
fermion masses are now given by:
mq(METC) ' ml(METC) ' 2 g
2
ETC
M2ETC
〈TLTR〉ETC (75)
where T is the technifermion and 〈TLTR〉ETC is the vacuum expectation value. However, an acquisition
of the SM fermion mass by coupling to the technifermion can induce a serious flavour problem: the
transition q → T → q′ or q → T → T ′ → q′ produce FCNC. Then, for example, the K mass difference
limit and the K measurement leads to the mass limit:
METC
Re(δds)gETC
<∼ 103 TeV,
METC
Im(δds)gETC
<∼ 104 TeV, (76)
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Fig. 6: The charged Higgs contribution to Br(B → τν) compared to the present experimental value (normalized
to the SM prediction, x-axis) as a function of charged Higgs mass (y-axis). The vertical regions are excluded by
the current world average of experimental value, Br(B → τν)exp = (1.15 ± 0.23) × 10−6, at 95% C.L., while
the 1σ, 2σ, 3σ errors on the same experimental value are denoted by the grey dotted, dashed, and solid lines,
respectively. The horizontal region is excluded by the Br(B → Xsγ) measurement. The grey and the black lines
correspond to the two possible solutions, with labels denoting the value of tanβ. The second solution can lead to
a stronger constraint than the one from B → Xsγ especially for large values of tanβ.
.
respectively. This value together with 75, we find ΛTC to be 10-1000 times smaller than the electroweak
scale (depending on the flavour coupling δds). Several solutions to this problem have been proposed.
For example, the so-called "walking technicolor model" induces a large anomalous dimension which
enhances the value of fermion masses by keeping the ETC scales relatively low. This can help to reduce
the FCNC for the first two generations while the top quark remains problematic, for instance in FCNC
processes involving top-quark loops. A possible solution is to generate the small fermion masses by
ETC, whereas the top-quark mass is dynamically generated via top condensation (Top-color assisted
Technicolor model).
7.3 Supersymmetry
The supersymmetric (SUSY) extensions of the SM are one of the most popular NP models. SUSY relates
fermions and bosons. For example, the gauge bosons have their fermion superpartners and fermions have
their scalar superpartners. SUSY at the TeV scale is motivated by the fact that it solves the SM hierarchy
problem. The quantum corrections to the Higgs mass are quadratically divergent and would drive the
Higgs mass to Planck scale ∼ 1019 GeV, unless the contributions are cancelled. In SUSY models they
are cancelled by the virtual corrections from the superpartners. The minimal SUSY extension of the
SM is when all the SM fields obtain superpartners but there are no other additional fields. This is the
Minimal Supersymmetric Standard Model (MSSM). SUSY cannot be an exact symmetry since in that
case superpartners would have the same masses as the SM particles, in clear conflict with observations.
If supersymmetry is the symmetry of nature, the masses of the SUSY particles should be the same
as their partners’. However, no candidate for SUSY particle has been detected by experiments so far.
This indicates that a more realistic model should contain SUSY breaking terms. Different mechanisms
of SUSY breaking have very different consequences for flavor observables. In complete generality the
MSSM has more than one hundred parameters, most of them coming from the soft SUSY breaking terms
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Fig. 7: The Feynman diagram for the Bs,d → µ+µ− in SM (top right) and in SUSY (top left). The constraint on
the SUSY parameter obtained by using the latest LHCb result is also shown (bottom).
.
– the masses and mixings of the superpartners. If superpartners are at the TeV scale the most general
form with O(1) flavor breaking coefficients is excluded due to flavor constraints. This has been called
the SUSY flavor problem (or in general the NP flavor problem).
A popular solution to the SUSY flavor problem is to assume that the SUSY breaking mechanism
and the induced interactions are flavour "universal". The flavour universality is often imposed at a very
high scale corresponding to the SUSY breaking mechanism. It could be at, for instance, the Planck scale
(∼ 1019 GeV), the GUT scale (∼ 1016 GeV) or some intermediate scale such as the gauge mediation
scale (∼ 106 GeV). The flavor breaking can then be transferred only from the SM Yukawa couplings
to the other interactions through renormalization group running from the higher scale to the weak scale.
As a result, the flavor breaking comes entirely from the SM Yukawa couplings (thus, an example of
a concrete Minimal Flavour Violation (MFV) NP scenario). Since the soft SUSY breaking terms are
flavor-blind, the squark masses are degenerate at the high energy scale. The squark mass splitting occurs
only due to quark Yukawa couplings, where only top Yukawa and potentially bottom Yukawa couplings
are large. Thus the first two generation squarks remain degenerate to very good approximation, while
the third generation squarks are split.
The MFV can be extended by taking into account the large tanβ effect. That large tanβ scenario
leads to a large new physics effects to some B physics observable and can be well tested experimentally.
Most recently, the LHCb experiment has made a great progress in this scenario: observation of the
Bs → µ+µ− process (3.5σ significance). The Bs,d → µ+µ− comes from the diagram e.g. like in Fig. 7
(top right). It is extremely rare process with branching ratios:
Br(Bs → µ+µ−) = (3.54± 0.30)× 10−9 (77)
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Br(Bd → µ+µ−) = (0.107± 0.01)× 10−9 (78)
On the other hand, in the presence of SUSY, there is another contribution like in Fig. 7 (top left), which
can be largely enhanced by a large tanβ factor:
Br(Bs,d → µ+µ−)SUSY ∝
m2bm
2
µ tan
6 β
m4A0
(79)
Fig. 7 (bottom) illustrate the constraint obtained by using the latest LHCb result:
Br(Bs → µ+µ−) = (3.2+1.5−1.2)× 10−9 (80)
Although the constraint depend on different models, this result excluded most of the scenario with
tanβ >∼ 50.
8 Strategies for New Physics searches in flavour physics
The developments of the particle physics today bore the lack of phenomena which cannot be explained in
the SM. In flavour physics, many small deviations from SM (say, at the 2− 3σ level) have been reported
in the past. However, definitive conclusions for those observation cannot be given so far. Therefore,
the strategy in flavour physics is clear: to search for a significant enough deviation from the SM. We
tackle this task from two directions, first, to improve the precision of the theoretical prediction, second,
to improve the experimental precision. We should emphasize that the latter efforts include not only
experimental development, but also to propose theoretically new observables which are sensitive to new
physics contributions.
Let us see the example of the CKM unitary triangle Fig. 3. The measurement of the angle, e.g.
β, has been improved dramatically the past 10 years since the B factories started. However, the sides
measurements (Vub, Vcb, Vtb etc) have not improved as much since it depends on theoretical inputs and
assumptions, namely from the strong interaction. In the future, there are some experimental propositions
to improve the experimental measurements. The angle measurements, such as β, γ, will be improved
further (γ could be determined as precise as β), can directly be used to improve our knowledge of new
physics. The usefulness of the sides measurements relies strongly on progresses in theory, in particular,
the effective theory of QCD, lattice QCD or more phenomenological models.
In Tables 1 to 4 we list the new physics sensitive observable. It is again amazing that all these
experimental measurements agree within the theoretical and experimental errors so far. On the other
hand, the LHCb experiment as well as Belle II experiment will provide us a large samples of new data in
coming years.
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Table 1: Examples of new physics sensitive observables in B physics. The experimental values are extracted from
HFAG (mainly preparation for PDG 2013). The prospects are extracted from [5] for Belle II and [6] for LHCb.
The number for Belle II corresponds to the sensitivity at 50 ab−1 which can be reached by the year 2023 if the
commissioning starts in the year 2015 (physics run in 2016) as scheduled. For LHCb the number corresponds to
the sensitivity reach at the year 2018 and the number in parethethesis is for LHCb up-grade.
Observable Experimental value Prospect Comments
SB→J/ψKS =
sin 2φ1(2β)
0.665± 0.024
±0.012 (Belle II)
±0.02(0.007)
(LHCb)
The current measurement
agrees with the SM prediction
obtained from the φ1(β) value
extracted using the unitarity
relation. A higher precision
measurement on φ1(β) together
with the measurements for
the other variables in unitarity
relation could reveal a new
physics contribution. New
physics example: bd box
diagram and/or tree FCNC
SB→φKS 0.74
+0.11
−0.13
±0.029 (Belle II)
±0.05(0.02) (LHCb)
In the year 2002, a 2-3 σ
deviation from the SB→J/ψKS
was announced though it is di-
minished by now. The devi-
ation from SB→J/ψKS is an
indication of the CP viola-
tion in the decay process of
B → φKS , which comes al-
most purely from the penguin
type diagram. New physics ex-
ample: b→ s penguin loop dia-
gram
SB→η′KS 0.59± 0.07 ±0.020 (Belle II)
In the year 2002, a 2-3 σ devi-
ation from the SB→J/ψKS was
announced though it is dimin-
ished by now. The deviation
from SB→J/ψKS is an indica-
tion of the CP violation in the
decay process of B → η′KS .
This decay also comes mainly
from the penguin type diagram
though this can be only proved
by knowing the property of η′
(quark content etc). It should
also noticed that the branching
ratio of this process turned out
to be a few times larger than
the similar charmless hadronic
B decays and this could also
been regarded as a hint of new
physics. New physics example:
b → s penguin loop diagram.
In particular, contributions that
can induce b → sgg (followed
by anomaly diagram gg → η′)
are interesting candidates.
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Table 2: Examples of new physics sensitive observables in B physics II (see caption of Table 1).
Observable Experimental value Prospect Comments
SBs→J/ψφ = sin 2φs φs = 0.04
+0.10
−0.13 ±0.025(0.008) (LHCb)
The phase of Bs mixing is
at the order of λ4 and very
small in SM, ∼ −0.02. Be-
fore the LHCb started, the
Tevatron data was showing
a 2 − 3σ deviation from
the SM, which is not di-
minished. Since the width
difference is not negligible
in the Bs system (unlike
the Bd system), the width
difference measurement has
to be done simultaneously
(width is less sensitive to
the new physics though it is
not impossible). The LHCb
has an ability to reach to
the precision as small as
this SM value thus, there is
still enough room for new
physics. New physics ex-
ample: CP violation in the
bsbs box diagram and/or
tree FCNC.
SBs→φφ — ±0.17(0.03) (LHCb)
The deviation from
SBs→J/ψφ(f0) is an in-
dication of the CP violation
in the decay process of
Bs → φφ, which comes
almost purely from the
penguin type diagram. The
analysis requires a CP state
decomposition by studying
the angular dependence of
the decay. The each com-
ponent can include different
new physics contributions
and it is complementary to
the SB→φKS or SB→η′KS
measurements. In addition,
the angular analysis also
allows us to test the T-odd
asymmetry. New physics
example: b → s penguin
loop diagram
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Table 3: Examples of new physics sensitive observables in B physics III (see caption of Table 1).
Observable Experimental value Prospect Comments
SB→KSpi0γ −0.15± 0.20 ±0.02 (Belle II)
This is one of the golden
channel for Belle II experi-
ment where the experimen-
tal error is expected to be
reduced significantly. Non-
zero CP violation is the sign
of the contamination of the
photon polarization which is
opposite to the one predicted
in SM. The theoretical er-
ror is found to be small
(less than a few %) though
some authors warm a possi-
ble large uncertainties to this
value. New physics exam-
ple: right handed current in
b → sγ penguin loop dia-
gram
SBs→φγ — ±0.09(0.02) (LHCb)
Non-zero CP violation is
the sign of the contami-
nation of the photon po-
larization which is oppo-
site to the one predicted
in SM. The LHCb with its
high luminosity could al-
low us to study this observ-
able and it is complemen-
tary to SB→KSpi0γ above.
New physics example: right
handed current in b → sγ
penguin loop diagram
B → K∗l+l− (low q2) — ∼ 0.2 (LHCb) in
A2T , A
Im
T
The angular distribution
carry various information
of new physics (C7,9,10 and
C ′7,9,10). In particular, the
low q2 region is sensitive to
the photon polarization of
b→ sγ.
B → K1γ → (Kpipi)γ —
∼ 6 % (LHCb)
∼ 18 % (Belle II)
in polarization pa-
rameter λγ
We can obtain the informa-
tion of the photon polariza-
tion of b → sγ through the
angular distribution of K1
decay. Detailed resonance
study can improve the sensi-
tivity to the photon polariza-
tion.
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Table 4: Examples of new physics sensitive observables in B physics IV (see caption of Table 1).
Observable Experimental value Prospect Comments
∆Md,s
(0.510 ±
0.004)Bdps
−1
(17.69 ± 0.08)Bs
ps−1
—
The result is consistent to the
SM prediction though it depends
strongly on the |Vtd,ts|. The er-
ror is dominated by the theory
mainly coming from the fBd,s
and B parameters. New physics
example: bdbd, bsbs box dia-
gram and/or tree FCNC
Br(B → τν) (1.15± 0.23)× 10−6 ± 6% (Belle II)
Up to the year 2010, the world
average value was 2-3 σ higher
than the SM prediction. The SM
value depends on |Vub| and fB .
New physics example: charged
Higgs.
R = B→D(∗)τν
B→D(∗)lν
(0.440 ± 0.057 ±
0.042)D
(0.332 ± 0.024 ±
0.018)D∗
± 2.5% for Br of
D0τν
± 9.0% for Br of
D±τν (Belle II)
In the year 2012, Babar an-
nounced 3σ deviation from
the SM. New physics example:
charged Higgs.
Br(B → Xsγ) (3.15± 0.23)× 10−4 ± 6 % (Belle II)
Currently SM prediction (at
NNLO) is consistent to the ex-
perimental value. The error is
becoming dominated by the the-
oretical ones. The result also de-
pends on Vts. New physics ex-
ample: b→ sγ penguin loop
Br(Bd,s → µ+µ−) (< 1.0× 10
−9)Bd
((3.2+1.5−1.2)×10−9)Bs
(±0.5(0.15)× 10−9)Bs
(LHCb)
The result is so far consistent
to the SM prediction though
it depends on the |Vtd,ts|.
The Minimal Flavour Viola-
tion (MFV) hypothesis leads
a relation
BrBs→µ+µ−
BrBd→µ+µ−
=
Bˆd
Bˆs
τBs
τBd
∆Ms
∆Md
' 30. Neverthe-
less, a large enhancement in
Bd → µ+µ− is possible in non-
MFV. New physics example:
large tanβ scenarios
φ3 = γ
(69+17−16)
◦ (Babar)
(68+15−14)
◦ (Belle)
(71.1+16.6−15.7)
◦ (LHCb)
±1.5◦ (Belle II)
±4◦(0.9◦) (LHCb)
The angle φ3(= γ) is ex-
tracted from the decay modes,
DK,D∗K,DK∗ etc. These are
tree level decays that it can be
less affected by the new physics
contributions. Therefore, the
φ3(= γ) measurement can be
used together with the other
purely tree decays, to determine
the “SM” unitarity triangle to
test the new physics contribu-
tions to the other box/penguin
loop dominant modes. The pre-
cision which can be reached in
the future is quite impressive and
it will be one of the most im-
portant measurements in order to
fully understand the unitarity tri-
angle.
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